Abstract-This paper adopt the generalized network utility maximization (GNUM) approach and propose a cross-layer optimized congestion, contention and power control algorithm for ad hoc networks. The goal is to find optimal end-to-end source rates at the transport layer, per-link persistence probabilities at the medium access control layer and transmitting power at the physical layer to maximize the aggregate source utility. Despite the inherent difficulties of non-convexity and non-separability of variables in the original optimization problem, we obtain a decoupled and dual-decomposable convex formulation by applying an appropriate transformation and introducing some new variables. The three decomposed sub-optimization problems are coordinated through the congestion prices. The convergence properties of the three sub-algorithms are also proved. Simulation results further verify the effectiveness and the convergence of our proposed algorithm.
INTRODUCTION
Unlike cellular wireless networks, ad hoc networks have no preexisting infrastructures or centralized administration such as base stations due to the random access of wireless links. One of the fundamental tasks performed frequently by ad hoc networks is congestion control, whose main objective is to regulate the allowed source rates so that the total traffic load on any link does not exceed its available capacity. At the same time, the data rates that can be achieved for wireless links depend on the interference levels, which in turn are determined by the power control. It is well known that ad hoc nodes are powered by batteries with a limited lifetime, so, how to solve the scarcity of powers is a very serious challenge and how to mitigate congestion of links while maintaining a higher network utility. This is one of motivations of our work.
Congestion control in wireline networks is implemented at the transport layer and is often designed separately from functions of other layers. Since wired links have fixed capacities and are independent, this methodology is well justified. However, these results do not apply directly to ad hoc networks because unlike the wireline counterparts, capacities of wireless links are "elastic", which depend on transmission powers and channel conditions as well as the specific medium access control (MAC) protocol used. Since the wireless channel is a shared and thus interference-limited medium, concurrent link transmissions in a local area can complicate congestion control due to the fact that transport layer flows can compete if they are located sufficiently close in space. For this reason, congestion control at the transport layer should be optimized and designed jointly with contention control at the MAC layer and power control at the physical layer to ensure efficient utilization and fair sharing of network resources while reduce the power consumption, which further motivates our work.
Network Utility Maximization (NUM) has been extensively used to study congestion control and much of existing research on NUM in wireless networks focuses on the jointly optimal transport layer congestion control and media access control (MAC) layer contention control and channel assignment. In [1] [2] , a generalized network utility maximization (GNUM) was used to study the interconnection among the layers and cross-layer designs in wireless networks. In this framework, each source has a utility function and the sum of source utilities is regarded as the objective function to be maximized while other protocol parameters are related by constraints. A utility function can be interpreted as the satisfactions which a user can accept or a function of resource allocation. In [3] [4] [5] , the joint design of congestion and contention controls has been studied. In [3] , resource allocation in ad hoc wireless networks was formulated as a utility maximization problem with constraints that arise from contention for channel access. In [4] [5] , a joint congestion control and MAC problem was formulated by using the NUM framework over a multihop wireless ad hoc network, whose goal is to find optimal end-to-end source rates at the transport layer and per-link persistence probabilities at the MAC layer to maximize the aggregate source utility. In [6] , a novel cross-layer congestion control strategy for WSNs was presented to perform the bandwidth and delay estimation in MAC layer for the current link, and feedbacks them to the transport layer through the cross-layer interaction mechanism. In [7] , the problem of congestion control and channel assignment in multi-radio, multi-channel, wireless mesh networks was addressed. To maximize the benefit of shared relaying, in [22] the resource allocation and the scheduling of users among adjacent cell sectors need to be optimized jointly. A heuristic but efficient scheduling and resource allocation algorithm is proposed accordingly. However, these results do not consider the impact of transmission powers on congestion and contention controls.
More recently, the jointly optimal congestion control and per-link power control have also attracted much attention of researchers [1, [8] [9] . In [1] , Chiang presented a distributed power control algorithm that couples with TCP congestion control algorithms to increase end-to-end throughput and energy efficiency of multi-hop transmissions in wireless networks by iteratively solving the NUM problem. In [8] , they considered the problem of joint congestion control and resource allocation in spatial-TDMA wireless networks. Based on a utility maximization problem subject to link rate constraints which involve both transmission scheduling and power allocation, a transparent and distributed protocol was developed. In [9] , a joint opportunistic power scheduling and end-to-end rate control scheme was presented for wireless ad hoc networks. In [10, 11] , the problem of joint power and rate control for secondary users in a cellular cognitive radio network was considered by using non-cooperative game theory. Ding et al. [12] proposed a cross-layer opportunistic spectrum access and dynamic routing algorithm for cognitive radio networks to maximize the network throughput by performing joint routing, dynamic spectrum allocation, scheduling, and transmit power control. By considering joint average interference-power and peak transmit-power constraints, Asghari and Aissa [13] obtained the variable rate and power adaptation policy for maximizing the achievable capacity of secondary user over fading channels. Furthermore, the fairness is considered when allocating resource to multiple users. A joint power and subcarrier/end-to-end rate control algorithm for cognitive radio networks was proposed in [14] by restricting the interference to licensed users while fairly maintaining a satisfied data rate or ensuring the interference produced to the primary user within a given limit. In [15, 16] , a distributed algorithm was developed to maximize the aggregate source utility and increase end-to-end throughput, by integrating together congestion control, power control and spectrum allocation. In [17] , Qu et.al. proposed a cross-layer distributed power control and scheduling protocol for delay-constrained applications over mobile CDMA-based ad hoc wireless networks. In [18] , Shen et. al. studied the fair resource allocation problem based on Nash bargaining solution (NBS) over wireless amplify-and-forward (AF) relay networks, and proposed a distributed algorithm, including relay selection, relay power allocation, and rate adaptation by the dual decomposition method. Although these results are effective to tackle the joint congestion and power control problems, they do not take into account the effect of MAC contention on congestion control. To the best of our knowledge, this work is the first one jointly considering congestion control, contention control and power control to maximize the network utility.
Therefore, in this paper, to overcome the shortcomings of existing approaches, effectively reduce network congestion and maximize the utilization of network resource, we propose a distributed cross-layer coordinative framework by integrating together congestion control at the transport layer, contention control at the MAC layer and power control at the physical layer, aiming to find optimal end-to-end source rates and per-link persistence probabilities while allocating optimal transmission power for each user. Based on elastic link capacity that is regarded as a function of transmission power, we construct a joint optimization formulation of congestion control, contention control and power control to maximize the network utility, which is a non-convex and non-separable optimization problem. By introducing new variables, the original joint optimization problem becomes decoupled and dual-decomposable. That is, it can be vertically decomposed to the congestion control subproblem, the contention control subproblem and the power control subproblem. The first subproblem is a primal algorithm where the congestion prices are generated based on local aggregate source rate. The last two is dual subgradient algorithms where the transmission power and the persistence probability of each node are updated by the congestion prices. Simulations have been conducted to verify the convergence and effectiveness of the proposed distributed algorithm.
The rest of this paper is organized as follows: Section 2 describes system model. Section 3 formulates the utility-maximization problem of joint congestion control, contention control and power control with elastic link capacities. In Section 4, we propose the distributed congestion control, contention control and power control sub-algorithms based on dual-decomposable and subgradient approach and prove their convergence. Ln the set of incoming links to node n 。Each link lL  has an "elastic" capacity ( ) 0 ll cw  , which is a function of transmission power l w of link l . Half-duplex operation is assumed to prevent self-interference, i.e., one transceiver can only transmit or receive at one time. Any two transmissions with a common intended receiver are not allowed to be made simultaneously since collisions will corrupt the packet receptions. Since the transmission range of each node is limited, the contention among links for shared media is relative on the locations of nodes. We define () 
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Nl as the set of nodes whose transmissions cause interference to the receiver of link l , excluding the transmitter node of link l , and
Ln as the set of links whose transmissions get interfered from the transmission of node n , excluding outgoing links from node n . Hence, the transmitter of link l and a node in set Ln transmit simultaneously, the transmission of link l also fails.
The transmission time is slotted in intervals of equal unit length and the i -th time slot refers to the time interval [ , 1) ii , where 1, 2,... i  , i.e., the data transmission attempts of each node occur at discrete time instance i .We assume a MAC protocol based on random access with probabilistic transmissions. At the beginning of a slot, each node n transmits data with a probability referred to as the persistence probability and conditional persistence probability of link l , respectively. Each link depends on a random access algorithm, which will be studied in the next section, to adjust its persistence probability.
III. PROBLEM FORMULATION
This paper aims to choose optimal source rates
so as to maximize the aggregate source utility of all users in the network. The utility maximization problem with constraints at the transport, MAC and physical layers, in which optimal variables are end-to-end rates x controlled by TCP, link persistence probability p controlled by contention-based MAC and transmission power w at the physical layer, can be formulated as the following optimization (P1) : The transport layer source rates, the MAC layer transmission probabilities and the physical layer power control should be jointly optimized to maximize the aggregate source utility.
In interference-limited ad hoc networks, the physical layer link capacity can be expressed by 
It is manifest from (3) and (4) Due to the first constraint, the problem (1) is in general a non-convex and non-separable optimization problem, which is difficult to solve in a distributed manner. For any solution algorithm, convexity is the key for its global optimality and separability for its distributed nature. Therefore, as we will discuss in the next section, the problem (1) will be transformed to a problem which is both convex and dual-decomposable by using appropriate variable transformation and under readily-verifiable conditions. Furthermore, a distributed algorithm will be developed to solve for the globally optimal transport layer rates, MAC layer persistence probabilities and physical layer powers.
IV. JOINT CONGESTION, CONTENTION AND POWER CONTROL ALGORITHM

A. Non-convex Transformation and Dual Problem
As stated in the above section, the first constraint induces that (1) is in general a non-convex and non-separable optimization problem. Under certain conditions, however, it can be transformed into a convex one by introducing the auxiliary variables and the variable transformation. We first take the logarithm on both sides of the first constraint and replace the variables by their logarithmic counterparts, i.e., 
where ()
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represents the cardinality of a set. Similarly, we take logarithm on both sides of (7) and obtain the following optimization problem (P2): for problem (P2) to be a convex optimization problem, we need to check the convexity of the constraint set and the concavity of the objective function, which may not be true for any (3) and (4) (8) is convex. Additionally, because other constraints of (8) are linear and bounded, the constraint set of (8) It is obvious that given that Theorem 1 is satisfied, problem (8) is a convex optimization problem, and all log rates are decoupled, which enables the dual decomposition. This indicates that the minimal solution to dual problem is equal to the maximal solution to (8), i.e., there is no duality gap. Thus, it can be efficiently tackled by using modern convex programming schemes [19] . In order to develop a primal-dual iteration which solves the optimization problem P2, we need Lagrangian function with the well-known Lagrangian Multipliers, which can be given by Note that the only complexity involved with the constraint reformulation (7) arises from the fact that each link has to store individual price information per flow going through it, which incurs only a linearly increasing memory usage. However, the communication complexity remains identical to that with a common link price, since the source only requires the sum-price information.
B. Distributed Algorithms
For a given  , the maximization of Lagrangian dual function (13) can be decomposed into three subalgorithms: one is congestion control subalgorithm at each source; other two are contention control and power control at each node respectively. 
In order to obtain the solution of the problem (17), we define
By solving (17) , the solution () l p  of the maximization problem (17) at the t -th iteration can be updated by
The optimization problem (18) can be decomposed into two optimization problems: 
It is not difficult to find that since log( )  is an increasing function; the optimal solutions of (22) are equivalent to those of the following problem:
Thus solving problem (22) is transferred to solve (24). Since the objective function () Vw  is strictly concave over the power w , we have from (11)   
VI. CONCLUSIONS
This paper studied the joint cross-layer design of congestion control at the transport layer, contention control at the MAC layer and power control at the physical layer for ad hoc networks. By taking into account "elastic" link capacity, in this paper, we construct a generalized network utility maximization (GNUM) with the constraints of the link capacity, the persistence probability, the transmission power and the fairness. The original GNUM problem is non-convex and non-separable due to the effect of the persistence probability at the MAC layer on the link capacity at the physical layer. By introducing the auxiliary variables and the variable transformation, we provide a decoupled and dual-decomposable convex formulation and propose subgradient-based cross-layer algorithms to solve the dual problem in a distributed fashion. The proposed algorithms can be decomposed into three layers to implement: the transport layer where sources adjust their end-to-end rates to control congestion, the MAC layer where sources adjust their persistence probability to control contention, and the physical layer where sources control their transmission powers. These three layers interact and are coordinated through link prices to maximize the network utility. We further prove the convergence and optimality of the proposed algorithms. Finally, numerical examples verify the effectiveness and convergence of the algorithms.
